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Abstract 

In a supersymmetric model, the presence of a right handed neutrino with a 
large Yukawa coupling /„ would affect slepton masses via its contribution to 
the renormalization group evolution between the grand unification and weak 
scales. Assuming a hierarchichal pattern of neutrino masses, these effects are 
large for only the third generation of sleptons. We construct mass combina- 
tions to isolate the effect of f v from mass corrections already expected from 
tau Yukawa couplings. We then analyze the size of these effects, assuming 
that the Super-Kamiokande data constrain 0.033 eV < m Ur . < 0.1 eV and that 
neutrino masses arise via a see-saw mechanism. We also explore whether these 
effects might be detectable in experiments at future e + e~ linear colliders. We 
find that needs to be measured with a precision of about 2-3% to measure 
the effect of /„ if the neutrino and top Yukawa couplings unify at the grand 
unification scale. In a simple case study, we find a precision of only 6-10% 
might be attainable after several years of operation. If the neutrino Yukawa 
coupling is larger, or in more complicated models of neutrino masses, a deter- 
mination of fi and v T masses might provide a signal of a Yukawa interaction 
of neutrinos. 

PACS numbers: 14.80.Ly, 13.85. Qk, 11.30.Pb 
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I. INTRODUCTION AND MOTIVATION 



Supersymmetry M is a leading candidate for physics beyond the Standard Model (SM). 
The Minimal Supersymmetric Standard Model (MSSM) posits a spin zero partner for each 
SM matter field, and spin half partners for the gauge and Higgs fields. While all the dimen- 
sionless couplings of the MSSM are completely determined in terms of known SM couplings, 
the intractably large number of dimensionful soft SUSY breaking parameters is usually re- 
duced by supplementing the MSSM by simple boundary conditions for their renormalization 
group (RG) evolution f2|. These boundary conditions are chosen so that flavour changing 
neutral currents (which are generically large in a theory with many scalars) are suppressed to 
acceptable levels. The boundary conditions are determined by assumptions about the new 
physics (concerning mediation of SUSY breaking) at a scale between ~ 10 3 TeV and Mpi anc k. 
Various models (mSUGRA, low energy gauge-mediated SUSY breaking, anomaly-mediated 
SUSY breaking, gaugino- mediated SUSY breaking), each leading to a characteristic pattern 
of MSSM soft breaking parameters, have been proposed and analyzed. 

Within the MSSM framework, neutrinos are massless and have no Yukawa couplings. 
Evidence from the Super-Kamiokande experiment || strongly suggests that there are neu- 
trino oscillations and, almost certainly, a neutrino mass. The favoured interpretation of 
these data is — v T oscillations, with Am 2 ~3x eV 2 and near-maximal mixing. The 
see-saw mechanism Q provides an elegant way of giving small masses to neutrinos: for each 
massive neutrino, one needs to introduce a SM gauge singlet chiral superfield N c , whose 
fermion component is the left handed anti-neutrino. A mass term in the superpotential 
leads to a Majorana mass Mn for the singlet neutrino as well as a lepton-number violating 
mass for its scalar partner. This mass may be very large and is expected to be ~ Mqut-, or 
even M P i anck if the right handed neutrino (RHN) is a singlet of the unifying gauge group. 
The neutrino also acquires a Dirac mass proportional to the neutrino Yukawa coupling 
f Vl from electroweak symmetry breaking. The physical neutrino mass, which is obtained by 
diagonalizing the neutrino mass matrix, is then ~ m^/M^v, and can be very small since rri£> 
is comparable to or smaller than the electroweak scale. 

Without further assumptions, the neutrino Yukawa coupling is arbitrary. However, in 
models where top and neutrino Yukawa couplings unify at some high scaleQ we expect 
/„ ~ ft, so that the physical neutrino mass is ~ m 2 /Mj\r- Renormalization effects || modify 
this by a factor 0(1), but do not change the order of magnitude of the predicted neutrino 
mass. These effects are accounted for in our analysis. 

The introduction of the RHN and its associated Yukawa coupling would change the 
predictions for and masses via new contributions to their RG evolution, but would 
not (at one loop) affect Ir or other sparticle masses. Moreover, if we assume that neutrino 
masses are hierarchical (as they must be in the GUT model with the simplest see-saw 



1 Yukawa unification would occur in S0{ 10) models since all the matter fields including the RHN 
belong to a single representation. In the minimal SO (10) model where all the fermions get their 
mass from one Higgs multiplet, all Yukawa couplings are unified. In more complicated models where 
the masses of up and down type fermions arise from different Higgs fields, we have unification of top 
and neutrino Yukawa couplings, and separately unification of bottom and tau Yukawa couplings. 
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mechanism), the Am 2 measured by the Super-Kamiokande collaboration is essentially ml , 
with the masses of other neutrinos being negligible in comparison. In the rest of this analysis 
we will therefore assume that, like quark and lepton Yukawa couplings, the neutrino Yukawa 
coupling of just the third generation is relevant. Since this new coupling can affect just f L 
and v T masses, precision measurements of these masses in future experiments at e + e~ linear 
colliders (relative to tr and first generation slepton masses) should yield information about 
f u . An examination of how large these effects might be, and an evaluation of the whether 
they might be detectable in the future, forms the subject of this study] 2 ] 

The conceptually simple picture is spoiled by two important effects that are already 
present in the MSSM. First, the usual tau Yukawa interactions already split stau masses 
from those of other sleptons, and the effects of these depend on the unknown parameter 
tan/3 whose value is difficult to pin down except under special circumstances (e.g. when the 
masses of several Higgs bosons can be measured ||). Second, the same Yukawa interactions 
also cause f L — f R mixing, so that m fL and m fR are not the physical masses of the staus. 

In the next section, we identify slepton mass combinations that are sensitive to v T Yukawa 
couplings but not to the usual tau Yukawa interactions, and compare expectations for these 
within a reference model (mSUGRA) and the same model extended by a RHN. In Section III, 
we perform a case study to estimate the precision with which these variables might be 
measured at linear colliders in order to assess whether such measurements might be feasible. 
We conclude in Sec. IV with a summary of our results and some general remarks about how 
our conclusions depend on the underlying model for neutrino masses. 

II. ISOLATING THE EFFECTS OF THE NEUTRINO YUKAWA COUPLING 

Although we will limit ourselves to analyzing the effects of adding a RHN to the 
mSUGRA framework, the ideas are applicable to any model with a well-defined prediction 
for slepton masses such as gauge-mediated or anomaly-mediated SUSY breaking models. Of 
course, the extent to which the ideas can actually be implemented in experiments depends 
on how well these masses can be measured, and is thus sensitive to details of the model. 

The superpotential for the MSSM with a singlet neutrino superfield N c (for just a single 
generation), is given by 

/ = Imssm + Ue,,UHlN c + l -M N N c N c (1) 

where N c is the superfield whose fermionic component is the left handed anti-neutrino and 
scalar component is v R . The soft SUSY breaking terms now include 



2 While this paper was under preparation, we became aware that the same idea had already been 
suggested in Ref. [j?]]. This study did not include intra-generational mixing which spoils the simple 
picture (see below), and also neglected Yukawa couplings in the charged lepton as well as down 
type quark sector (the latter are eliminated from our considerations). Finally, our examination 
goes beyond Ref. j?J in that we also examine whether these effects might actually be measurable 
in future experiments. 
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£ = £mssm - m 2 - R \u R \ 2 + 



A v f v t %J UHi^ R + \b v M n v\ + h.c. 



(2) 



The parameters A v , B u and are assumed to be comparable to the weak scale, even 
though the right handed neutrino and its superpartner have a mass close to M/v which is 
much larger. 

The complete set of 1-loop RG equations (RGEs) for the MSSM extended by a RHN 





In Ref. 



may be found in Ref. |J, while the 2- loop ones are presented in Ref. 
sample sparticle mass spectra are shown with and without the effect of a neutrino Yukawa 
coupling. The 1-loop RGEs for slepton and left handed sneutrino masses contain contri- 
butions from gauge interactions and from Yukawa interactions. The former is generation 
independent while the latter is significant for just the third generation. Furthermore, this 
Yukawa contribution contains an additional term from the neutrino Yukawa coupling if the 
model contains a RHN. We begin by defining the quantities 
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m 



TRl 



mj L -m 2 - L , 



where the m 8 denote the soft-SUSY breaking mass parameters. Aside from D-terms, these 
are essentially the sparticle masses for the first two generations. This is not the case for the 
third generation because of effects of Yukawa interactions. Including effects from the RHN, 
the 1-loopf] RGEs for these quantities are given by ||, 



dA 



R 



dt 
dA L 

dt 



16tt 2 
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16vr 2 



(f T x T + fix, 



where t = In Q, X T = m~ L + m 2 R + m% d + A 2 and X u = m? L + m? fl + m 2 Hu + A 
below the scale Mn the theory reduces to the MSSM, and the last term in Eq. 
This then implies that in a theory with a RHN, 
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R 



167T 



(3) 
(4) 

Of course, 
i is absent. 

(5) 



for M GUT >Q>M n . 

Eq. (|5]) is the starting point for our analysis. Within mSUGRA, 2A^ — A R ~ since 
the masses are degenerate at the GUT scale and this quantity does not evolve at 1-loop. 
In contrast, for a model with a large RHN Yukawa coupling, this quantity could evolve 
significantly between Mqut and M^. The value of 2A^ — Ar at the weak scale is, of course, 
its value at Q = Mn, since it does not evolve for Q < Mjv- 

This is illustrated in Fig. || where we show 



Slr = 



2Ar. - A 



R 



(mj L + mj R + m 2 - L + m?J /4 



(6) 



3 We present the 1-loop RGEs to explain our strategy. In our numerical analysis, however, 2-loop 
RGEs are used. 
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which is just the dimensionless rendition of 2A^ — Ar obtained by dividing by the mean 
squared mass of the relevant four quantities, in (a) the mSUGRA model, and (b) the model 
with a RHN. In frame (a) we show 5lr for 2400 randomly generated mSUGRA models for 
the parameter ranges, 

10 GeV < m < 1500 GeV, 10 GeV < m 1/2 < 500 GeV, - 1.8m < A < 1.8m , // = +,-, 

while in frame (b) we generate models that contain an additional RHN. For defmiteness, 
we assume that the additional soft SUSY breaking parameters are unified at the GUT 
scale, and further, that fviMcuT) = ft(McuT)- Then, the only free parameter is the 
superpotential mass Mn for the singlet neutrino, which we varyQ between 10 5 GeV and 
Mqut — 2 x 10 16 GeV. For every set of model parameters, and for both models, we compute 
5lr and plot it against M N in Fig. |I[ Of course, there is no RHN in mSUGRA; in the plot 
in frame (a), each parameter set is randomly assigned a value of M N , resulting in the M N 
independent distribution of points in this case. The important thing to note is that 5lr is 
negative and typically smaller in magnitude than 0.01 in frame (a), and essentially always 
smaller than 0.02. In contrast, in models with a RHN, 6lr ~ 0.1-0.6, except when is 
very close to Mqut m which case there is no range for RG evolution to occur. This is in 
keeping with expectations from a single step integration of Eq. (|5]) which gives, 

assuming all SUSY breaking parameters with dimensions of mass are comparable. 



A. Effects of Stau Mixing 

While the idea described above is conceptually simple, the problem as we have already 
noted is that SM Yukawa interactions cause intra-generational mixing and preclude direct 
determination of m fL and rrir R , and hence of 5lr. Motivated by the fact that the lighter 
(heavier) tau slepton is mainly tr (tl) we construct new variables, 





= m L 


-m\ 


A 2 


= m k 




A, 


= m \ 


-™>lr 



that can, in principle, be directly measured in experiments at future linear colliders. Since 
vl — vr mixing is negligible, A u defined above is equal to A^, and we have only introduced 
it for notational reasons. Unlike the case of soft masses where SU(2) symmetry implied 
rrir L = m„ f , we now have three logically independent "flavour differences" that can be 
formed (see Eq. (§) below). Notice that the hypercharge D-term contribution to the masses 



4 If we assume a simple see-saw mechanism for neutrino masses, Mjy is constrained by Super- 
Kamiokande data. We will return to this issue later. 
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always cancels as it is generation- independent. We can now form dimensionless differences 
S12, 5i u , and 8i 2u analogous to 8lr denned above: 



2A 2 - Ai 



'12 



+ m| 2 + m\ R + mlJ/4 



m 



e-L 



s 2A V - A, 

lu (ml + ml + m\ R + ) /4 ' 



s 



A 2 + A u - Ai 



12u 



+ m~ 2 + ml + m\ + m\ R + m-J/6 : 



which, we emphasize, might be directly measurable. In the limit that stau mixing is negli- 
gible, the analysis should essentially reduce to that which was previously considered. The 
issue then is to examine how much stau mixing changes the variables 8i 2 , 8\ v and 8\ 2v from 
their values (close to zero in mSUGRA) in the absence of mixing. 

Toward this end, we show each of these quantities in Fig. |2| for the mSUGRA model in 
the first column, and for the mSUGRA model extended by a RHN in the second column. 
The plot is made in the same way as Fig. |l|. The following features are worthy of note. 

• The spread of the points in the mSUGRA model is considerably larger than in Fig. [I]. 
Furthermore, as can most easily be seen from the out-liers, it is largest for 5 12 and 
smallest for 8\ v , and is always negative. 

• In contrast to the corresponding situation in Fig. [I], we see that mixing allows some 
of the 8s (especially 812) to become negative, and the very clean separation between 
the two models that we had in the previous figure no longer obtains. From the point 
of view of distinguishing the framework with a RHN from the mSUGRA framework, 
it is clear that 8\ v is the most effective variable. 

To understand why this is the case, we first write, 

2A 2 - Ai = 2A L -A R + 2(r4 L - m\) - (m\ R - m?J, 
2A„ - Ai = 2A L -A R - (m 2 fR - mfj, (8) 
A 2 + A u -A 1= 2A L -A R + (m\ L - m|) - (m\ R - m?J, 

and then note that m\ h — m~ 2 = — m\ R (since the sum of mass squared eigenvalues 
must be the trace of the stau mass squared matrix), and further, that each of these terms 
is negative because mixing always decreases (increases) the lowest (highest) eigenvalue. We 
thus expect that f L — f R mixing effects reduce 812, 8 iu and 8uu in Fig. |] relative to 8lr 
in Fig. [I], and further, that this reduction is in the ratio 3:1:2. Since these quantities are 
all negative within the mSUGRA framework, 8\ v in the second row of Fig. || provides the 
cleanest separation. This then requires precise measurements of me R ,m^ e ,rrif 1 and m^ T , the 
prospects for which we will discuss in the next section. It is worth mentioning that stau 
mixing effects discussed above are absent in the quantity 3A,, — Ai — A 2 but its determination 
requires knowledge of mg L and 777/ -^v, cLS well. 

Up to now, we have ignored the Super-Kamiokande measurement 10~ 3 eV 2 < Am 2 < 
10~ 2 eV 2 which, assuming an inter-generational hierarchy of neutrino masses, implies 
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0.033 eV < nv < 0.1 eV. 



(9) 



Within the simplest see-saw model the neutrino mass is given by mo = (f u v u ) 2 /Mat, where 
v u is the vacuum expectation value of the field h u responsible for the masses of up-type 
fermions in the MSSM. This in turn implies that /„ and are strongly correlated. In fact, 
if f u (M GUT ) = ft(MauT) then m v ~ m^/M N , so that values of M N < 10 14 GeV are excluded 
by the Super-Kamiokande data. Then, from Fig. 0, we see that b\ v has to be determined to 
within 0.05-0.1 in order to distinguish the RHN model from mSUGRA. 

We can, however, repeat the previous analysis ignoring the GUT constraint on Yukawa 
couplings and treating f u and M N as parameters of the RHN model, but instead constrain 
these to yield m v in the range (|9p. As before, we generate random parameter sets for both 
these models, and then compute <5i 2 , S lv and 5 12 „ introduced earlier. The results are shown 
in Fig. |^. Except for the more limited range of Mn shown here, the three figures in the 
first column are essentially the same as in Fig. ^|, as should be the case since changing 
the assumptions about the RHN sector do not affect the mSUGRA study. The results in 
the second column are, however, qualitatively different: the largest difference between the 
models now occurs when M N is close to M GUT . This is not difficult to understand. Since 
we are holding fl/M^ (roughly) constant, f u is largest when Mjv is large, and decreases 
roughly as y/M N . If M N < O(10 13 ) GeV, the neutrino Yukawa coupling becomes too 
small to have a visible effect on the sparticle masses. However, for larger values of Mjv, 
$lr oc fl In M ^ I u N r oc M N In M ^ U J grows very rapidly^ as long as M N is not too close to 
Mqut- Stau mixing then reduces the 5s shown in Fig. |3| exactly as discussed for the last 
figure. Once again, 5\ u offers the best separation between mSUGRA and models with a 
RHN, and if is within a factor ~ 100 of Mqut distinction between the models may be 
possible if sparticle masses can be measured with sufficient precision. 

We find it exciting that, respecting the mass constraint, models with values of M N close 
to M GUT (which theoretical prejudice might suggest are the most likely) are the ones most 
likely to yield to experimental scrutiny. It is thus interesting to ask whether a subset of 
these models also satisfies the Yukawa unification condition, and if so, examine whether this 
"favored class" of models can be distinguished from mSUGRA. This is illustrated in Fig. |] 
where we show 5 lv for (a) mSUGRA, (b) mSUGRA + RHN with f v (M GUT ) = f t (M GUT ), 
(c) mSUGRA + RHN with the neutrino mass constraint, and (d) mSUGRA + RHN with 
f v {M G uT) = ft(MauT) and the neutrino mass constraint. The first three frames are the 
same as in previous figures and are only included for convenience. We see from frame (d) 
that it is indeed possible to find models where the neutrino and top Yukawa couplings unify 
(an SO(10)-like condition) and the tau neutrino mass is in the right range. Furthermore, 
the bulk of these models have large values Q of 5\ v so that it is possible that linear collider 



5 Of course, if M]y = M G ut all the <5s will vanish (except for mixing effects) because there is no 
RG evolution. The dots in Fig. || terminate well before this because as Mjv increases, the value of 
f v becomes so large that it blows up before M G ut- In this case, the model is not shown. 

6 We should mention that we made a dedicated run where we generated models with sleptons 
lighter than 500 GeV. The results were qualitatively similar to those in frame d, except that the 
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experiments may offer a novel check of the simplest see-saw mechanism, if the relevant 
sparticle masses can be measured precisely enough. 

Before closing this section, we briefly remind the reader that we had noted that stau 
mixing effects which are responsible for the few points in Fig. |4]g? overlapping with the 
mSUGRA region would be absent for the variable 3A U — Ai — A 2 . Thus, the dimensionless 
version of this, 

s , _ 3A„ — Ai — A 2 

12u (mj R + mj L + m~ e + m\ + m\ + m^/V 

in principle offers the hope of an even cleaner separation between the two classes of models. 
This is illustrated in Fig. | where we plot S' 12u for (a) mSUGRA, and (b) mSUGRA + RHN 
model with both f v {M GVT ) = ft(M GUT ) and the neutrino mass constraint @. We see a 
dramatic reduction in the spread for mSUGRA models in frame (a) which then resembles 
the first frame of Fig. [L], confirming that the spread in the other figures indeed originates 
from the mixing. Frame (b) shows that none of the RHN models that we generated gives 
5' 12u < 0, so that the separation is theoretically very clean. Of course, this measurement also 
requires a determination of m ?2 and rrie L in addition to the other sparticle masses. 



III. PROSPECTS FOR THIRD GENERATION SLEPTON MASS 

MEASUREMENTS 

We have seen that a determination of 5\ v or, even better 8' 12v , offers an opportunity for 
detecting Yukawa interactions of neutrinos, and further, for an independent confirmation 
of the simple see-saw mechanism for neutrino masses. In the simplest case where the neu- 
trino and top Yukawa couplings unify at the GUT scale these quantities, which are zero in 
mSUGRA, are expected to be ~ 0.05 — 0.2, depending on the RHN model parameters. 

Assuming that sparticles directly decay to the lightest SUSY particle (LSP) which was 



taken to be the lightest neutralino Zi, it has been shown [ljj that masses of the first two 
generations of charged sleptons and charginos can be measured at the 1-1.5% level if these 
sparticles are within the kinematic reach of e + e~ linear colliders. An integrated luminosity 
of about 50 fb~ x is sufficient to attain this precision. Longitudinal polarization of the e~ 
beam, which is crucial both to reduce SM backgrounds as well as to separate various SUSY 
processes from one another, is expected in all the current machine designs. Subsequently, 



it was shown |12| that this precision was not degraded even if sparticles decay via the 
complicated cascades |13| expected in most SUSY models. Indeed cascade decays are an 
asset in that they make it possible to determine, for instance, my e with a similar precision 



when v e — > W\e is kinematically allowed fl2fl . These findings have since been confirmed by 
more realistic studies [|l4| , |T5f . Thus, whether or not 5\ v or 5' 12u can be conclusively determined 
to be non-zero depends mainly on the precision with which the masses of third generation 



region of highest density was shifted down slightly. In particular none of the models in this new 
run yielded 5\ v > 0.2. 



S 



charged sleptons and sneutrinos can be measured. A qualitative assessment of this forms 
the subject of this section. 

Nojiri et al. [[16|] performed a detailed study of how well can be measured at a linear 



collider, assuming that fx — > tZ\. Just as for the first two generations [|T^,|r^] , their basic 
strategy for determining is to study the energy distribution of (hadronically decaying) 
daughter rs. This study is complicated by the fact that r is unstable and part of its energy 
is carried off by the undetected neutrino. As a result, the relatively sharp end-points that 
were obtained in earlier studies of e# and jl^ masses are washed out. Nevertheless, assuming 
an integrated luminosity of 100 fb~ l , they are able to obtain a la precision of ~ 2% on 
m,f x . In their study, they confined themselves to the decay r — > pu, and estimated that by 
including decays to n and ai, they might be able to improve this by a factor of 2. 

We are not aware of any studies that examine prospects for measuring m^ 2 or m^. A 
systematic evaluation of this would require a dedicated study in itself, and is beyond the 
scope of this paper. However, in order to get some feel for whether the measurements 
outlined in the last section are feasible, we attempted to make a rough estimate of how well 
mi, might be measured for a "typical" mSUGRA case where visible decays v — > W\l of the 
sneutrino are allowed. We do not compute SM physics backgrounds (which are argued to 
be small) and ignore any QCD jets that may be misidentified as hadronically decaying taus. 
We perform only one case study and ignore bremsstrahlung and beamsstrahlung. We also 
assume that and will be well measured by the time there is a large enough data 
sample to make it possible to consider measurements of m^ T or m^ 2 , and ignore any error in 
these masses. Our purpose in showing these simplistic results is two-fold. First, as we said, 
we wanted to get a feel for whether measurements of 5\ v or 8' 12u are even feasible. Second, 



we found that naive extensions of methods previously used [0 for measurements of masses 
of heavier sleptons of the first two generations do not seem to work in this case. We felt it 
would be worthwhile to point this out and suggest a possible alternative. 

The parameter point that we choose corresponds to an mSUGRA model with 

m = 150 GeV,Hii/ 2 = 170 GeV, A = 0, tan/? = 5, fi > 0. 

The resulting spectrum is illustrated in Table |. We see that at a s/s = 500 GeV e + e~ 
collider, all charged sleptons and sneutrinos, as well as charginos and neutralinos together 
with all but the charged Higgs bosons are kinematically accessible via 2 — > 2 processes. 

The production cross sections for the most important SUSY processes obtained using 
ISAJET UT7| are shown in Fig. |asa function of the electron beam polarization parameter 
Pl — fh — /r, where fi (/#) is the fraction of left handed (right handed) electrons in the 
beam. The first item of note is that cross sections for third generation sfermions are small, 
and moreover, their signals are likely to suffer from contamination from production of other 
sparticles. Here, we begin by considering the measurement of m^. Our purpose is not 



to improve upon the results of the detailed study of Nojiri et al. [IfJ, but to see how our 
simplified analysis compares with their results in order to be able to assess our results for 
the corresponding study for v T . 

We use ISAJET v7.51 for our SUSY event simulation. We use a toy calorimeter covering 
—4 < i] < 4 with cell size Arj x A0 = 0.05 x 0.05. Energy resolution for electrons, hadrons 



and muons is taken to be AE = J .0225£ + (ME) 2 , AE = ^.16E + (.Q3E) 2 and Ap T = 
5 x 10~ 4 p^, respectively. Jets are found using fixed cones of size R = V Arj 2 + A<ft 2 = 0.6 
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using the ISA JET routine GET JET (modified for clustering on energy rather than transverse 
energy). Clusters with E > 5 GeV and |^(jet)| < 2.5 are labeled as jets. Muons and electrons 
are classified as isolated if they have E > 5 GeV, \tj(£)\ < 2.5, and the visible activity within 
a cone of R = 0.5 about the lepton direction is less than max(^, 1 GeV). Jets with 
E > 10 GeV and one or three charged tracks (with px{track) > 0.5 GeV) in a 10° cone 
about the jet axis, but no other tracks in a larger 30° cone, are classified as rs if the mass 
of the tracks is smaller than m T and the total charge of the tracks is ±1. 

A. fi mass measurement 

In order to obtain a measurement of it is clear from Fig. |] that it would be best to 
use Pi(e~) as close_to^— 1 as possible. Then potential SUSY contamination to the tt+ Et 
final stateQ from W\Wi and Z 2 Z 2 production, as well as from SM W + W~ production, is 
minimized, resulting in a relatively clean sample of f\f\ events. We use Pl{g~) = —0.9 corre- 
sponding to a 95% polarized beam. To selectively enhance the signal over SM backgrounds, 
we impose similar cuts used in earlier studies [ |TT| , |i"2"[ of the fiR signal. The difference is that 
instead of the dimuon final state from fiRfiR production, we now have a di-tau final state 
in the "two narrow jets" channel. We require, (i) E v T tB < 200 GeV, (ii) E T ™ > 15 GeV, 
(iii) 20 GeV < E(visible) < 400 GeV, (iv) |cos# r | < 0.9, (v) -Q T cos6 T < 0.75, 
(vi) 9 acop < 30°, and (vii) Et > 25 GeV. We veto events with additional jets. Here, E™ s and 
E T ™ refer to the energy and transverse momentum of the hadronically decaying tau jet; i.e. 
the visible portion of the decay products of the tau. Cut (v) greatly reduces backgrounds 
from W + W~ and also evW production. Unlike in the earlier study of smuon production, 
where an additional cut — Mz\ > 10 GeV was imposed to eliminate backgrounds from 
ZZ, vvZ and e + e~ Z production, we have not imposed a mass cut on the di-tau system. 

We have checked that ZZ and WW events yield a background of 0.3 fb and 0.1 fb, 
respectively (to be compared with the signal of ~ 8 fb) and ignored vvZ and e + e~ Z back- 
grounds. Other SM physics sources of rr+ Et events include Z* — > rr production, and 
e + e~ — > Z{-^ vv) + Hsm{~^ tt ) production. The former, which (for hadronically decay- 
ing taus) has a total cross section of ~ 200 fb (before any cuts) is reduced to a negligible 
level after our cuts (especially (vi) and (vii)). Our simulation of this yields a cross section^] 
a < 4 x 10~ 3 fb. Although we have not simulated the latter, we have run all SUSY and 
Higgs (including Zh) contributions for the case at hand through our cuts. We find that f\f\ 
production contributes 90% of the signal, and of the remaining 10%, only about 15% comes 
from Zh production. Since the lightest Higgs boson of the MSSM is SM-like, we infer that 



7 A r final state always refers to the visible debris from a hadronically decaying r. 

8 While this background may well be considerably larger than 4x 10 -3 fb after radiation is included, 
we expect that it is still negligible. 

9 About 60% of the SUSY and Higgs background comes from chargino and neutralino production 
(of this about 2/3 is from Z\Z 2 production), and a quarter from sneutrino and stau production, 
with Zh making up the remainder. 
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the ZhsM background is small. Presumably, the SUSY background can be further reduced 
by dedicated cuts, e.g. on m TT which has to be smaller than — for di-taus from 

Z2 decays. In the following discussion of the precision with which can be measured, we 
ignore all SUSY and SM backgrounds. 

To determine m^, we study the visible energy spectrum of the r jets whose distribution 
is shown in Fig. [7]a for the mSUGRA case under study. If the entire energy of the tau 
(produced via the two body decay of a scalar) could be measured, we would expect this 
spectrum to be flat with sharp end points in a perfect detector - the decay kinematics then 
determines the end points in terms of and along with the beam energy. The energy 
spectrum in Fig. |7|a is far from flat because of the energy lost to neutrinos. Since higher 
energy taus, on an average, lose greater energy to neutrinos, the upper end point is greatly 
smeared. The loss of energy to neutrinos also means that there will be signal events below 
the lower end point. Thus the kinematic end points do not play a role in a measurement 
of sparticle masses. Nevertheless, the shape and normalization of the E T distribution is 
sensitive to m^. 

To ascertain how well can be determined, we generated "theory" data samples (each 
with about 80 times as many stau pairs as expected for the signal case for an integrated 
luminosity of 100 fb^ 1 ) for several values of f\ mass to determine the theoretical E™ s 
distribution after the cuts (the solid histogram). We also generated a synthetic "data" 
set for an integrated luminosity of 100 jb~ x (the points with error bars). Assuming that 
is well determined (via a fit to the much larger sample of e^en and W]W\ pair events 
1 1]) we can now fit the E™ s distribution from the "data" to the "theory" in terms of a single 



parameter 77%^. The resulting x 2 distribution is shown in Fig. [7|&. The triangles denote the 
actual value of \ 2 that we obtained for each theory point that we compared with. The solid 
curve is the best fit parabola to all these triangles. The scatter indicates the error on the 
theory which, as we described, was also obtained via a Monte Carlo calculation. From the 
figure, we obtain the fitted value of the stau mass to be 168.1 ±2.6 GeV (lcr). In view of the 
scatter of our "theory", we will be more conservative and work with the 90% CL error of 
±3.5 GeV. Our results, are not incompatible with those of Nojiri et al. The slightly smaller 
error that we get may be attributed to the fact that we have assumed that the LSP mass 
is knownp] so that we could perform a single parameter fit, and possibly also because only 
t — > p decays were used in their analysis. 



B. v T mass measurement 



The analysis of Ref. |T2| suggests that it should be possible to measure mc, T in the same 
way that the electron sneutrino mass was measured. The strategy for this measurement was 
to focus on the sample of very clean events from the process, e + e~ — > u e + D e — > eW\ + eW\ — ► 



This may not seem a good assumption because the error on the stau mass is not much smaller 
than the expected error of ~ 1% on m(LSP). We will see shortly that a much larger integrated 
luminosity is needed for any measurement of the mass of v T . In this era, both the LSP and f\ 
masses will be much better determined. 
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e\ivZ\ + eqqZi, where one of the charginos decays hadronically and the other leptonically. 
In this analysis, the electron beam was taken to be left handed. There was very little SM 
background or SUSY contamination to this event sample, and a two parameter fit to the 
flat electron energy distribution yielded mp e and with a precision of just over 1% (la). 

The same strategy suggests that we should focus on rr£jj+ Et events from v T v T pro- 
duction, where I = e, //, and study the (visible) r energy distribution in this data sample 
(but, of course, change the beam polarization to be right handed to reduce backgrounds). 
We attempted to do so (again assuming the chargino mass will be well measured), but were 
unable to obtain significant discrimination between data sets with different v T masses. We 
found several factors which cause a difference from the study in Ref . . 

1. First, er(z> e z> e ) is much larger than cx(z/ r i> T ): for our case study we see from Fig. ^ that 
this factor is larger than 100. 

2. While the branching ratio for v — > iW\ and W\ — > lvZ\ are similar (in fact the latter 
favours our case as we can use both e and \i decays of Wi), we now have to require 
that both taus decay hadronically (a reduction to 4/9), and further, that both the tau 
jets pass the identification criteria to be identified as taus. 

3. Not all the energy of the tau is visible. In particular, since the visible energy of the 
tau is reduced due to the escaping neutrinos, we found that the energy spectrum is 
frequently pushed well below our tau identification threshold of 10 GeV. 

4. For a left handed electron beam cx(z/ e z/ e ) is much larger than other SUSY cross sections, 
so that the event sample is very much dominated by the sneutrino signal. This is not 
quite the case for v T pair production; we see from Fig. |6| that heavier chargino and 
neutralino production as well as fifi production may make significant contributions 
to this event topology. 

The first two items greatly reduce the number of signal events increasing the statistical 
error. The last item causes contamination of the sample. The energy loss due to the 
escaping neutrinos discussed in item (3) causes the energy distributions with different 
to resemble one another beyond E T = 10 GeV more closely than they would if the full r 
energy could be measured. The point is that the cut on the tau energy cuts out fewer events 
when the mass gap between v T and W\ increases; i.e. for heavier sneutrinos, assuming as we 
do that the chargino mass is fixed. But the sneutrino production cross section reduces for 
larger sneutrino mass. As a result, these two effects compensate, reducing the discrimination 
between different sneutrino mass cases.0 We also examined other decay chains (with just 
one identified r) but found that these generally suffered from large contamination from other 
SUSY sources. We conclude that this strategy is not suitable for such a measurement even 
with an integrated luminostiy of 500-1000 fb~ x . 



Of course, at the high energy end the spectra are sensitive to the sneutrino mass, but there we 
do not have sufficient event rate to significantly contribute to x 2 i n an analysis similar to the one 
for mf, determination discussed above. 
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The energy dependence of the cross section provides an alternative way to measure the 
sneutrino mass. Since we have not taken bremsstrahlung or beamsstrahlung into account, 
we are careful not to go very close to the kinematic threshold where the cross section would 
be most strongly affected by soft photon emission. Away from the threshold, we expect that 
beamsstrahlung effects may reduce the cross section by ~ 10%, but presumably without 
greatly altering its energy dependence. 

The total cross section for rrijj+ $t events from all SUSY sources is shown in Fig. [5]a for 
the signal point with mp T = 178.1 GeV, as well as for two other values of the sneutrino mass. 
Here, we have required that each r jet has E V T %S > 10 GeV. We also require ~$t > 25 GeV. SM 
physics backgrounds are expected to be small. The error bars correspond to an integrated 
luminosity of 200 fb~ l for each energy. For the contamination from SUSY events, we have 
added contributions from other SUSY sources but with mSUGRA parameters fixed to their 
case study values^ regardless of mp T . 

The cross section for sneutrino events, along with that for the other important contrib- 
utors to this topology, is shown in Table [TJ for the energy range in Fig. || We see that 
the contribution from f%T2 production is always much smaller than that from charginos and 
neutralinos. For this case, the SUSY backgrounds are smaller than or comparable to the 
signal for y^s ^ 550 GeV, but for larger values of y 7 ? the heavy chargino and neutralino 
contributions overwhelm the sneutrino signal. The sharp increase in the cross section from 
charginos and neutralinos that is seen for y/s > 550 GeV is due to the opening up of heavy 
neutralino and chargino pair production thresholds. 

To get an idea of how well cross sections can distinguish different sneutrino masses, 
we perform a Monte Carlo computation of the cross section for several values of sneutrino 
mass for energies ranging between 425 GeV and 600 GeV in steps of 25 GeV. We generate 
about 10 5 SUSY events which is about 30 times the number of signal events expected 
for an integrated luminosity of 200 fb" 1 . For each value of that we consider, we 
then compute A% 2 between the energy dependence of the cross section for the case study 
point and the corresponding quantity for some other v T mass. Our results are shown in 
Fig. for a statistical error bar corresponding to an integrated luminosity of 100 fb~ l per 
point (circles) and 200 fb -1 per point (triangles). Also shown is the line corresponding 
to Ax 2 = 2.7 (the 90% CL in the Gaussian limit). The solid (dashed) curves are a fit 
through the circles (triangles). Using these fits, we see that the sneutrino mass is obtained as 
mv~ = 178±i| GeV ( m p . = 178tjjj GeV) for an integrated luminosity of 100 fb~ l (200 fb' 1 ) 



12 This is a conservative attitude, because if we compute the SUSY background (mainly from 
heavier chargino and neutralino production at the highest energies) using the different mSUGRA 
parameters for each sneutrino mass case, the SUSY background cross sections change enough to 
allow a discrimination between the scenarios. This occurs because of the change in chargino and 
neutralino masses, but these will be well determined by the time tau sneutrino mass determination 
might become possible. Our assumption is, perhaps, ultra-conservative in that effects from a change 
in the sneutrino mass, which also change the branching fractions of charginos and neutralinos, are 
ignored. 
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at the 90% CL.0 We recognize that even with an integrated luminosity of 100 fb~ l per 
point, it would take several years of running to obtain the 800 fb~ x of integrated luminosity 
that would be needed, assuming current projections for the anticipated luminosity of such 
a machine. It is worth keeping in mind that new developments {e.g. vertex detection, 
neural net algorithms, or something else) will, quite possibly, result in a significantly higher 
efficiency for tau identification than assumed in our analysis. In this case, the integrated 
luminosity required will be correspondingly reduced. Our purpose, however, is not to imply 
that v T mass measurement is possible, but to clarify just how challenging such a measurement 
might be. 

The analysis above assumes that it would not be possible to sort out chargino and 
neutralino events from v T events. Since the heavier chargino W2 and the heavier neutralinos 
Z^ dominantly decay to real W, Z or h and light charginos and neutralinos, it might be 
conceivable that by the time such large data samples become available, experimentalists 
might have learnt to recognize (the bulk of) W\ and Z 2 , in the same way that they recognize 
6-jets and r-leptons today. Alternatively, although the case study point allows for heavy 
chargino and neutralino production, it could be that for another point, SUSY contamination 
from these sources is kinematically supppressed. In either case, the chargino and neutralino 
sample would then not contaminate the sneutrino sample. To see how much this would 
improve the sneutrino mass measurement, we have redone the analysis in Fig. ^, but assumed 
that there is no background in the rrijj channel.^ Our results are shown in Fig. |9| where 
we have taken the integrated luminosity to be 100 per point. As before, the upper 
frame shows the cross section and the lower one Ax 2 , defined the same way as in Fig. || 
We see from frame (a) that measurements at the lower energy can readily distinguish very 
heavy sneutrinos, as their production is kinematically suppressed. But these measurements 
do not give as sharp a distinction for sneutrinos lighter than the test case.Q For this case 
then, measurements at the high energy end improve the discrimination. This is manifested 
in Fig. where we show A% 2 for a scan of 425-550 GeV for which the signal exceeds 
the SUSY background (triangles), and also after including the highest two energy points 
(circles) keeping in mind that the sneutrino sample is then highly contaminated. Indeed, 
we see that the two curves match at the high mass end, but including the 575 and 600 GeV 
bins significantly improves the discrimination for lower values of vrty. We see that if SUSY 
backgrounds can be controlled, a sneutrino mass measurement of comparable precision as 
in Fig. § might be possible with half the integrated luminosity. 

We conclude that a precise determination of poses a formidable challenge. Naively 



13 The Ax 2 distribution is not exactly symmetric, so that one should not view the 90% CL literally, 
but regard the result as a qualitative indicator of the precision of the measurement. 

14 This is of course overly optimistic because T2T2 events would be kinematically similar to sneutrino 
events. Also, Z4 and W2 have a branching fraction of ~ 3% to decay into v T . 

15 We could go to yet lower energy, but we constrained ourselves to stay away from the threshold. 
Of course, if backgrounds can be really eliminated, or reliably subtracted, an energy scan close to 
the sneutrino threshold might yield the maximum precision. 
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following the ideas in Ref. |T2[ that worked so well for a measurement of m^ e simply does 



not work. It appears possible that the energy dependence of the cross section for rrijj 
+ ft? events might allow a mass measurement at the 8-10% level, but such measurements 
would take several years with current projections for the integrated luminosity. With a 
data sample of 1600 fh~ l distributed over 8 energy points a 6-7% measurement appears 
possible. Alternatively, if we can distinguish chargino/neutralino from sneutrino initiated 
events without substantial loss of signal, a similar precision might be possible with just half 
this luminosity. We should remember that we are conservatively quoting 90% CL and not 
la errors, partly because of the simplified way that we have done our calculation. 

We have not attempted to do an analysis of a measurement of m,f 2 which decays via 
f 2 -> tZ x (10%), tZ 2 (37%) and vW x (53%). Thejdominant decays lead to W x Wx+ fir 
events which have a large contamination from WiW\ production. This could be reduced 
by using a right handed electron beam, but even for 95% polarization, the cross section 
from direct chargino production exceeds that for chargino production via heavy stau pair 
production a factor of about 3. Moreover, other SUSY sources (Z 2 Z 2 , WiW 2 and even 
v T v T production) could contaminate the signal especially from hadronic decays of daughter 
charginos. While it is possible that a clever use of the other decays modes of f 2 may well 
allow a measurement of its mass, we believe that this poses an even greater challenge than 
the measurement of the v T mass. 

IV. CAN SLEPTON MASSES PROBE RIGHT HANDED NEUTRINO 

COUPLINGS? 

We saw in Sec. II that the variables b\ v and 5' 12u offer the best hope for measuring effects of 
the sneutrino Yukawa coupling. While the latter is theoretically cleaner in that models with 
and without a RHN are better separated, its determination requires a measurement of mf 2 
in addition to fx, u T and other slepton masses. Since we have just explained the difficulties 
associated with this measurement, we will focus on the prospects for the determination of 
just 5i u in the remainder of this paper. Within the simplest see-saw model with unified 
top and v T Yukawa couplings at Mqut, Fig- %d shows that a large fraction of RHN models 
have 8i u ^0.1. The question then is whether experiments at linear colliders will have the 
sensitivity to distinguish 5\ v = from 5\ v <^ 0.1. 

It is straightforward to checkP 5 ] that if the error in measuring first generation masses is 
negligible and mass differences between the various sleptons are small, the error in 5\ v is 
given by 

\2 




(A**) 3 = 16 u - + p^lL . (10) 



Even neglecting the error in the measurement of m fl , it appears that m Vr needs to be deter- 
mined at about the 2.5% level in order to obtain the required precision on b\ v . Unfortunately, 



16 The variance of a function f(x\,x 2 , ...x n ) of the uncorrelated quantities x t is YJ {§£) (^ x i 
where the derivative is evaluated at the mean value of X{, and (Arr,) 2 is the variance of X{. 
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in view of the analysis in the previous section this does not seem to be possible, at least 
using the techniques considered in this study. Even if we change the 90% CL error bar to 
the "la" error bar (A% = 1) the error on seems to be about 4%. It thus appears to us 
that the effects of the tau neutrino Yukawa coupling on sparticle masses seems to be beyond 
the projected sensitivity of linear collider experiments, at least within the framework of the 
simplest GUT model with unification of neutrino and top Yukawa couplings. However, if 
we allow the neutrino Yukawa coupling at the GUT scale to be somewhat larger than f t 
(but still require /„ not to blow up before M GUT ) then linear collider experiments could be 
sensitive to the presence of the RHN as can be seen from Fig. 

In obtaining this conclusion, we assumed that the only information we would have is on 
the masses of various sleptons. It could, however, be that a measurement of tan j3 may also 
be possible [PH- In this case, we would not need to combine the masses to eliminate the 
(tan j3- dependent) effects of the usual tau Yukawa coupling so that, in principle, a direct 
measurement of stau and v T masses would contain information about /„. We checked that in 
all the models we generated that satisfied the Super-Kamiokande neutrino mass constraint 
and had f t = f v at the unification scale, i.e. the models in frame (d) of Fig. |], mz, r and 
nif 2 differ from their mSUGRA values by less than 7% (typically 3-5%) while almost 
always differs by less than 3% (since fi ~ f R , we expect it to be less affected by f u ). We 
thus conclude that even in this case, it would be very difficult to discern the effect of the 
neutrino Yukawa coupling, except maybe for a small sub-set of model parameters. 

This pessimistic outlook hinges upon the assumption of the simplest see-saw model. It 
is, however, worth keeping in mind that there are other models for neutrino masses that 
have been suggested. For instance, in a model |18| with an additional SO(10) singlet with 
mass Ms in the superpotential, and a GUT Higgs sector comprising of just 16 dimensional 
representations, the light neutrino mass would take the form m u = Msmf /Mjy, so that 
neutrino masses are still hierarchichal but depending on Ms, Mn would be considerably 
smaller than in the case of the usual see-saw .["] In the extreme case J21J where Ms ~ 1 TeV, 
the RHN could be as light as 10 8 GeV. In this case, we see from Fig. |c that 8\ v = 0.2 — 0.5 
which is in the range that experiments at linear colliders should be sensitive to. 

We also looked at the analysis JJI] of neutrino masses within the framework of a localized 
gravity model with non-factorizable geometry, where it was shown that neutrino masses 
were given by m v . ~ M x (j^) Vi+1 ^ 2 . Here, the compactification scale M ~ Mpi anc k, v is the 
electroweak vev and r« a real number > 1/2. For r« = 3/2, this reduces to the familiar see- 



17 This mechanism has been dubbed the type III see-saw, with the usual see-saw mechanism 
being the type I see-saw. In this context, we remark that for the type II see-saw [19] we have 
the usual 2x2 neutrino mass matrix, but with an induced non-zero Majorana mass tul for the 
left handed neutrino which contributes additively to the physical light neutrino mass. This new 
contribution could be independent of the usual Yukawa couplings, and so may be generation- 
independent, giving (approximately) degenerate neutrinos of mass m when m vn^jM^. The 
splitting between neutrinos is still about m^/M^ so that Am 2 measured in neutrino oscillation 
experiments is now ~ Iram^jMpj, which requires even larger than the usual see-saw to satisfy 
the Super-Kamiokande measurement. Thus with the type II see-saw, we do not expect to see 
measurable effects in the slepton sector. 
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saw-like formula. One might, at first glance, think that by adjusting r« it would be possible 
to allow smaller values of M which could then be probed via slepton masses. This is not the 
case because in this framework lepton number is conserved, and neutrinos only get a Dirac 
mass. In other words, the induced neutrino Yukawa coupling is tiny, essentially because of 
the small overlap between the active left handed neutrino (which is confined to the brane) 
and the sterile neutrino in the bulk. We thus expect slepton masses to be unchanged from 
their mSUGRA values in such a scenario. 

In summary, we examined the effects of neutrino Yukawa couplings on the masses of 
sleptons and sneutrinos present in supersymmetric models. For most of the analysis, we 
assumed the simplest see-saw model for neutrino masses, and also worked within the SUSY 
GUT framework which implies a hierarchy of neutrino masses. Assuming that third gener- 
ation neutrinos are the heaviest, we then expect the largest effect amongst third generation 
sleptons. To separate the effect of the MSSM tau Yukawa coupling from the new neutrino 
Yukawa coupling, we constructed several combinations of masses, which are expected to be 
zero in the mSUGRA model but deviate from this in the RHN framework. Our results 
are shown in Fig. |2] as a function of the RHN mass scale Mjv, assuming that the top and 
neutrino Yukawa couplings unify at the GUT scale. The Super-Kamiokande atmospheric 
neutrino data, interpreted as neutrino oscillations, however, implies that m Ur is between 
0.033 and 0.1 eV. In this case cannot be too far from Mqut- The best discrimination is 
obtained via the variables 5\ v and 5[ 2u - Fig. and Fig. [5]6 show that experiments should be 
sensitive to the difference between and about 0.06-0.1 in order to conclusively discriminate 
RHN models from mSUGRA. Toward this end, we did a simplified analysis of the precision 
with which third generation sparticle masses might be measured at future e + e~ colliders. 
While we confirmed the conclusions of previous analyses that fx could be measured with a 
precision of ~ 2%, we found that with the techniques that we examined mp T could at best 
be measured with a precision of ~ 6 — 8%, even with optimistic projections for the lumi- 
nosity and what might be achievable in the future. This then led us to conclude that such 
mass measurements would not be able to discriminate models with a RHN from mSUGRA 
within this simple framework. We saw however, that if we give up the unification of top and 
neutrino Yukawa couplings, or allow a more complicated framework (the type III see-saw) 
such a discrimination might be possible. 

We conclude that precision measurements of charged slepton and sneutrino masses can 
provide information about RHN masses and couplings. For instance, a non-vanishing value 
of S lu (or 8'x2 U ) would provide strong confirmation of large Yukawa interactions of neutrinos, 
and hence an underlying GUT scale see-saw type mechanism. This would then eliminate 
whole classes of alternatives including: (J) neutrino masses have Majorana type contributions 
only, (ii) neutrino masses are purely Dirac with Yukawa couplings strongly suppressed for 
symmetry |2^| or geometric |2l| reasons, or (in) there might be a TeV scaleff] see-saw, again 



with very suppressed (effective) Yukawa interactions of neutrinos |22| : in all these cases, we 
would expect that 5x v = &x2v — 0. 



18 Within this framework, right handed neutrinos and sneutrinos are at the TeV scale. The presence 
of a weak scale vr can result in very different sneutrino phenomenology which might be probed at 
colliders, or via its cosmological implications J2^] . 
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While much attention has been focussed on measurements of charginos, neutralinos, and 
first generation sparticle masses, there have been few studies for the third generation of 
sfermions. On the other hand, it is just these masses (not only sleptons and sneutrinos, 
but also squarks) which are frequently sensitive to new physics at the high scale (especially 
physics associated with family structure). This study exemplifies the need to develop new 
techniques to measure third generation sparticle properties more precisely. 
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TABLES 



TABLE I. Sparticle masses for the mSUGRA case study of Sec. III. Squarks are not accessible 
for the entire range of energies that we consider, except for stop; = 274.7 GeV so that its pair 
production would be accessible for \/s > 550 GeV. Second generation slepton masses are the same 
as those of the first generation. 



particle 


m (GeV) 


particle 


m (GeV) 


particle 


m (GeV) 


e-R 


167.8 


Zi 


59.9 


h 


105.0 


&L 


194.2 


z 2 


108.2 


H 


312.6 


Ve. 


178.3 




255.5 


A 


310.4 


T\ 


165.7 




284.3 


H± 


320.4 


Tl 


195.4 




105.6 


UL 


397.5 


V T 


178.1 


w 2 


283.4 


9 


427.8 



TABLE II. Cross sections in fb for the rrijj signal from v T v T production for the case study 
of Sec. Ill, as a function of the center of mass energy y/s after the cuts described in the text. Also 
shown are the corresponding cross sections from f<ifi production, and from chargino and neutralino 
production. As discussed in the text, the cross sections in the last two columns have been used as 
the background for all sneutrino masses in Fig. ||. 
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FIG. 1. The distribution of Slr, denned in the text, for a set of randomly generated 
(a) mSUGRA models, and (6) models with a right handed neutrino, versus the vr mass Mjy. 
In case (a) Mjy is randomly assigned. We assume that the top and neutrino Yukawa couplings 
unify at the GUT scale. 
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FIG. 2. The distribution of the quantities S\2 (first row), 5\ u (second row) and 5\2v, defined in 
Sec. II of the text, for the same set of models as in Fig. [l] versus Mpj. The first column shows the 
results for mSUGRA models, and the second one shows the corresponding results for models with 
a vr. We assume that the top and neutrino Yukawa couplings unify at the GUT scale. 
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FIG. 3. The same as Fig. || except that instead of assuming that the Yukawa couplings unify 
at the GUT scale, we require that the mass of the tau neutrino is between the Super-Kamiokande 
range of 0.033 eV and 0.1 eV. 
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FIG. 4. The distribution of b\ v versus the right handed neutrino mass Mjv for the (a) mSUGRA 
model, (6) the RHN model with unification of top and neutrino Yukawa couplings, (c) the RHN 
model with the u T mass in the Super-Kamiokande range, and (d) the RHN model with f t = f„ T 
at the GUT scale and the Super-Kamiokande constraint on m VT . Notice the difference in the 
horizontal scales for the two columns. 
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FIG. 5. The distribution of 5' 12u defined in the text versus for the (a) mSUGRA model, 
and (b) the RHN model with f t = f Ur at the GUT scale and the Super-Kamiokande constraint on 
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FIG. 6. Cross sections for various SUSY production processes at an e + e~ collider with 
\fs = 500 GeV versus the electron beam polarization parameter Pf,(e _ ) for the case study in 
Sec. III. The solid lines show cross sections for sleptons, the dashed lines for charginos and neu- 
tralinos and the dotted lines for Higgs boson production mechanisms. The cross sections for Ah 
and ZH production are below the 1 fb level. 
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FIG. 7. (a) The distribution of the visible energy from the hadronic decays of taus produced 
via e + e~ — > fifi — ► rr+ events at a 500 GeV collider for the case study of Sec. III. The solid 
histogram denotes the theoretical expectation after cuts, while the points are the synthetic data 
for an integrated luminosity of 100 fb" 1 . Note that each event contributes two visible taus. In 
(6), the values of x 2 obtained by a comparison of synthetic data for several values of with the 
theory histogram in (a) above are shown by the triangles. The line is the best-fit parabola through 
the triangles. The case study point is shown denoted as input, and the dashed and dotted lines 
denote the la and 90% confidence levels for stau mass measurement. The integrated luminosity is 
taken to be 100 /6 _1 . 
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e + e -> SUSY ^xxljj + E* 
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FIG. 8. (a) The cross section after cuts described in the text for rr£jj+ fix events from all 
SUSY processes (however, see the text for a discussion of how SUSY backgrounds are computed) 
for the case study point (dashed) and two other points with a lighter (solid) and heavier (dotted) 
tau sneutrino versus the e + e~ center of mass energy. The error bars reflect the statistical errors 
for an integrated luminosity of 200 fb^ 1 . (b) The values of Ax 2 versus mo f for the energy scan 
from 425 GeV to 600 GeV, assuming an integrated luminosity of 100 fb -1 (circles) and 200 fb^ 1 
(triangles). The curves are a fit through these points. Also shown are the 90% CL with which 
mc, T might be measurable. Here we have taken the test case to be the "data" and only shown the 
change in x 2 . 
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e + e -> v T v T -> x x / j j + # 7 
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FIG. 9. The same as Fig. |8] except that the SUSY backgrounds are ignored and the integrated 
luminosity is fixed to be 100 fb' 1 . Also in frame (6) we show the results for two sets of energy 
scans: from 425 GeV to 550 GeV in steps of 25 GeV (triangles) and from 425 GeV to 600 GeV 
(circles). 
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